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Isomerization of glucose to fructose is a key intermediate step for the biochemical conversion of lignocel-
lulose to liquid fuels and chemicals through the sugar platform. This study demonstrates facile and gen-
eral strategies to fabricate heterogeneous or magnetic base catalysts based on organic bases for the
isomerization of glucose to fructose in water. The heterogeneous or magnetic base catalyst can achieve
similar glucose-to-fructose yield and selectivity to homogenous organic base catalyst. The accumulated
by-products influence the reusability of the heterogeneous base catalyst; however, the magnetic base
catalyst shows excellent stability and reusability.
 2015 The Authors. Published by Elsevier Inc. This is anopenaccess article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fructose is the sweetest of naturally occurring sugars and is
used commercially in food and beverage. Recently, fructose has
been considered as a renewable resource for the production of a
versatile platform chemical-5-hydroxymethylfurfural, which can
be converted into a number of value-added chemicals, and can
be updated into liquid fuels [1–3]. Therefore, isomerization of
glucose to fructose is a key intermediate step for the biochemical
conversion of lignocellulose to liquid fuels and chemicals through
the sugar platform. To date, many efforts have been made to
develop catalysts for isomerization of glucose to fructose. Enzymes
(i.e. glucose isomerases) have been widely tested as the most
effective and selective catalyst for the isomerization of glucose to
fructose in aqueous medium. However, the enzymatic isomeriza-
tion of glucose still faces several drawbacks including high cost
of the enzyme, longer reaction time, use of buffering solutions,
and irreversible deactivation [4–6]. Lewis acids such as chromium
chloride and Sn-beta zeolite have been reported to be effective
catalysts for the isomerization of glucose [7–10]. However, the
homogenous Lewis acids generally have the issues of separation
and recycle, and the synthesis for Sn-beta zeolite is relatively com-
plex. On the other hand, Brønsted bases such as sodium hydroxide
can also effectively isomerize the glucose to fructose. However,
they typically achieve lower glucose-to-fructose yields due tosevere degradation of fructose and glucose, and they also face
the issues of separation and recycle. Metallosilicates have been
reported as solid base catalysts for the aqueous phase isomeriza-
tion of glucose [11]. However, most metallosilicates are prone to
be deactivated due to loss of crystallinity, metal iron leaching,
and surface passivation. Some metal oxides such as zirconium car-
bonate, zirconium dioxide, titanium dioxide, and magnesium–alu-
minum hydrotalcites are effective catalysts under severe reaction
conditions (larger loading, longer reaction time and higher temper-
ature) [12–14]. Organic bases such as trimethylamine have been
recently identified as highly efficient catalysts in wide range of
temperature with the same performance as state of the art Lewis
acid catalysts for the aqueous phase isomerization of glucose
[15]. However, the facile separation and recycle of organic base
are still challenging. Herein, in this study, we developed highly effi-
cient and readily recyclable heterogeneous catalysts based on
organic bases for the isomerization of glucose to fructose in water.2. Experimental
2.1. Materials
Merrifield’s peptide resin (PS, chloromethylated polystyrene,
3.5–4.5 mmol/g Cl, 1% cross-linked, 200–400 mesh), imidazole
(IMD), N-{2-[bis(2-aminoethyl)amino]ethyl}aminomethyl-poly
styrene (PS-TREN, 3.5–5.0 mmol/g N, 1% cross-linked with divinyl-
benzene), branched polyethylenimine (PEI, Mn = 1  104),
1-(3-aminopropyl) imidazole (API), tetramethylguanidine (TMG),
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(TREN), triethylamine (TEA), chromium chloride hexahydrate
(CrCl36H2O), iron (III) chloride hexahydrate (FeCl36H2O), iron (II)
chloride tetrahydrate (FeCl24H2O), polyvinylpyrrolidone (PVP,
Mw = 4  104), ammonium hydroxide (28–30% NH3), tetraethyl
orthosilicate (TEOS), (3-chloropropyl)trimethoxysilane (CPTS),
DL-glyceraldehyde, glycerol, D-fructose, D-glucose and D-deuterated
glucose (glucose-2-D) were bought from Sigma–Aldrich. N,N-
Dimethylformaide (DMF), sodium carbonate (Na2CO3), and ethanol
were obtained from Fisher Scientific. All chemicals were used as
received.
2.2. Synthesis of heterogeneous base catalyst
Heterogeneous base catalyst was synthesized through the reac-
tion between benzyl chloride in polystyrene resin and organic base
(Scheme 1). Briefly, Merrifield’s peptide resin (6 g), organic base
(80 mmol, API or TMG or TBD), Na2CO3 (10 mmol), and DMF
(50 mL) were successively added into a 100 mL round-bottomed
flask. Themixturewas reacted at 80 C for two days undermagnetic
stirring. Then, the resultant solid was collected by filtration, inten-
sively washed with water and DMF, and was dried under vacuum.
2.3. Synthesis of silicon dioxide-coated magnetic iron oxide
Magnetic iron oxide (Fe3O4) nanoparticles were prepared
through a co-precipitation method. Briefly, the mixture of FeCl3-
6H2O (81.4 mmol) and FeCl24H2O (40.7 mmol) in deionized water
(120 mL) was heated to 85 C, and pH value of the mixture was
adjusted to 9 by concentrated ammonium hydroxide (28–30%
NH3). Then, the mixture reacted at 85 C for 4 h under nitrogen
protection. The black precipitate was collected and washed to
pH = 7 by deionized water. The sediment was redispersed in deion-
ized water (100 mL) containing PVP (0.3 g) under sonication. After
stirring for overnight at room temperature, the PVP-stabilized
magnetic particles were separated and rinsed by ethanol twice,
and were dried under vacuum.
Silicon dioxide-coated magnetic iron oxide was obtained
through a modified Stöber process. Briefly, the mixture of magnetic
iron oxide particle (20 g), concentrated ammonium hydroxide
(20 mL), TEOS (20 mL), and ethanol (400 mL) was stirred for 24 h.
Then, the silicon dioxide-coated magnetic iron oxide particles were
separated, washed with ethanol for three times, and were dried
under vacuum.N
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CPTS (100 mmol) was added to the suspension of silicon
dioxide-coated magnetic iron oxide particle (10 g) in toluene
(120 mL). The mixture was refluxed for 48 h at 110 C, and then
cooled to room temperature. The functionalized magnetic iron
oxide particles with chloride groups were separated by a magnet
and washed with ethanol for three times, and were dried under
vacuum.
Magnetic base catalyst was then synthesized through the reac-
tion between the chloride group on the surface of the functional-
ized magnetic iron oxide particle and organic base (Scheme 2).
Briefly, the functionalized magnetic iron oxide particles with chlo-
ride groups (3 g), organic base (40 mmol, API or TMG or TBD), and
Na2CO3 (5 mmol) were added into DMF (60 mL). The resulting mix-
ture was refluxed at 85 C overnight, and the synthesized magnetic
base catalyst was separated and thoroughly rinsed with ethanol,
and was dried under vacuum.
2.5. Isomerization of glucose to fructose
Isomerization experiments of glucose (10% or 20%, wt/wt) in
water were carried out in 6 mL thick-walled glass reactors at
different temperatures (80, 100 and 120 C). The isomerization
experiment was allowed to proceed for specific times, and then
was stopped by cooling the reactor in an ice bath. Small aliquots
of the filtered and diluted reaction media were taken for sugar
(fructose and glucose) analysis by a high performance liquid
chromatography (HPLC).
2.6. Characterization and analysis method
Nitrogen content of base catalyst was determined on a Perk-
inElmer 2400 Series II Elemental Analyzer 2400. Scanning electron
microscopy image was taken using a Hitachi S-900 field-emission
scanning electron microscope (SEM) operated at an accelerating
voltage of 9 kV. Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectrumwas recorded on a PerkinElmer Spec-
trum 100 Series FT-IR spectrophotometer with a universal ATR
sampling accessory. Average particle sizes were determined by
dynamic light scatting method with a Zeta-sizer Nano ZS
instrument equipped with a 633 nm laser. 1H, 13C NMR and
heteronuclear single-quantum correlation (HSQC) spectra
were collected with a Bruker Biospin AVANCE 500 MHz NMRN
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476 Q. Yang et al. / Journal of Catalysis 330 (2015) 474–484spectrometer. Glucose and fructose were analyzed on an Agilent
1220 Infinity high performance liquid chromatography (HPLC) sys-
tem equipped with an Agilent Hi-Plex H analytical column
(7.7  300 mm), a BIO-RAD guard column (Cat. No. 125-0139),
and a refractive index detector (RID). The mobile phase was
0.005 M sulfuric acid at a flow rate of 0.7 mL/min. The column tem-
perature was 60 C, and the detector temperature was 55 C. Yield
of fructose (%) and selectivity for fructose (%) were calculated
according to the following equations, respectively.
Selectivity for fructose ð%Þ ¼ moles of fructose formed
moles of glucose reacted
 100Yield of fructose ð%Þ ¼ moles of fructose formed
moles of glucose supplied
 1003. Results and discussion
Amines have been recently investigated as homogeneous cata-
lysts for the isomerization of glucose to fructose in water [15].
However, in this study, we attempted to explore more amines as
homogeneous catalysts for the glucose isomerization reaction
and more importantly, to correlate their isomerization perfor-
mance with structural properties. To these ends, carefully selected
amines including imidazole (IMD), 1-(3-aminopropyl) imidazole
(API), tetramethylguanidine (TMG), 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD), tis(2-aminoethyl)amine (TREN) and branched
polyethylenimine (PEI) were tested as homogenous catalysts for
the isomerization of glucose to fructose in water. The selected ami-
nes vary in chemical structure (acyclic, single cyclic, bicyclic, lin-
ear, branched) and type of nitrogen (primary, secondary, tertiary,
cyclic, polyamine) (Scheme S1). According to the pKa values of
their conjugated acids, the IMD (7.05) is a very weak base, and
the API (9.63, 6.5), TREN (10.24, 9.43, 8.45, 2.60) and PEI (9.64,
8.59) are weak ones, while the TMG (13.6) and TBD (21) are stron-
ger ones [16–18]. Effects of reaction conditions (time, temperature,
loading and initial pHo) on the glucose conversion, glucose-to-
fructose yields and selectivity achieved by amines were investi-
gated, and the results are shown in Figs. 1 and S1, Fig. S2 and
Table 1. Duplicates were performed, and their average values were
reported due to smaller than 1% standard errors. Since mannose is
a minor constituent of the alkaline-catalyzed isomerization prod-
ucts from glucose, mannose was not reported in this study due
to a low yield (<5%) in most cases.
Imidazole (IMD) is an interesting amine, because it is usually
found in the form of histidine in glucose isomerase [19]. Imidazole
is amphoteric, and therefore can simultaneously function as both
an acid (N-1, pKa = 14.4) and a base (N-3, pKa = 6.9). Theoretically,
the N-3 could initiate the isomerization reaction, and the N-1 could
facilitate hydride transfer and subsequent proton transfer [4].
However, it turns out that imidazole was not an efficient isomer-
ization catalyst, because an approximate 25% fructose yield could
be achieved only when excessive imidazole (for example,
106 mol% relative to glucose) was used and the isomerization reac-
tion was carried out at higher temperature (above 80 C) (Table 1
and Fig. S1). 1-(3-Aminopropyl) imidazole (API), an imidazole
derivative with terminal amine, is a more effective catalyst. A sig-
nificantly lower amount (7.5 mol% relative to glucose) was needed
for the API to achieve an about 25% fructose yield. The amine group
should be mainly responsible for the better catalytic performance
relative to the IMD. In comparison, the TMG or TBD (3 mol% rela-
tive to glucose) could achieve an over 30% fructose yield and an
above 60% fructose selectivity at 80 C for 30 min, indicating that
the TMG or TBD is a highly efficient isomerization catalyst.
Trimethylamine (TEA, 3 mol% relative to glucose) showed a 28%fructose yield and a 65% selectivity. Tis(2-aminoethyl)amine
(TREN, 3 mol% relative to glucose), consisting of a tertiary amine
center and three pendant primary amine groups, also showed sim-
ilar levels of fructose yield (24%) and fructose selectivity (56%).
Branched polyethylenimine (PEI, 0.5 mol% relative to glucose),
which contains primary, secondary and tertiary amino groups,
achieved a 21% fructose yield and a 55% selectivity when its load-
ing was only 0.5 mol% to glucose. These results show that the glu-
cose conversion, fructose yield and selectivity are primarily
dependent upon the basicity (i.e. overall pKa value) of amine cata-
lyst under same reaction conditions. For example, the amines with
pKa values above 10 generally converted more glucose and
achieved higher fructose yields and selectivity, when compared
with the amines with smaller pKa values. The basicity of amine
originates from the basic nitrogen atom with a lone electron pair,
but is significantly affected by the electronic properties of the sub-
stituent of nitrogen. For example, the alkyl groups can enhance the
basicity through raising the energy of the lone pair of electrons.
The lone electron pair of nitrogen held in a sp3 orbital is much
easier to protonate than the one held in a sp2 or sp orbital. How-
ever, the steric hindrance offered by the substituent can diminish
the basicity of amine. Most of tertiary amines are less basic than
primary amines, for bulky groups in the tertiary amines make
the lone pair less available. In addition, the hydrogen bonding
between protons in water and lone electron pairs in nitrogen can
decrease the basicity, while the hydrogen bonding between pro-
tons in water and protons attached directly to nitrogen can
increase the basicity. And the interaction between amine and glu-
cose (or fructose) may also play an important role during the glu-
cose isomerization [15]. Therefore, the basicity of amine in reaction
media is decided by not only its chemical structure but also the
interactions with solute and solvent. Consequently, it is not easy
to find clear correlations between the structural properties and
catalytic performance for the amines investigated in this study,
which is in consistence with the previous report on other amines
[15]. It was also observed that more glucose was consumed but
achieving lower fructose selectivity under higher temperature.
The glucose-to-fructose isomerization reaction is slightly
endothermic and reversible with a small equilibrium constant,
indicating that the glucose-to-fructose equilibrium changes slowly
when the reaction temperature rises [9]. However, the glucose
conversion will increase and go beyond the theoretical thermody-
namic equilibrium due to the pronounced degradation reactions of
fructose under higher temperature. Initial pHo of reaction mixture
was also found to significantly affect the amine-catalyzed isomer-
ization reaction of glucose, as shown in Fig. S2. Specifically, at pHo
below 11, the glucose conversion was low and the fructose yields
were very low (typically less than 4%); however, at pHo over 11,
more glucose was converted and higher fructose yields were
achieved, which is consistent with the report on trimethylamine
[20]. For comparison, chromium chloride was also investigated
for the glucose isomerization. It turns out that chromium chloride
(3 mol% relative to glucose) consumed 30% glucose but obtained a
13% fructose yield at 120 C for 30 min, and achieved a 20% fruc-
tose yield and a 34% fructose selectivity at 140 C for 30 min. These
results show that amine is a better type of catalyst than chromium
chloride for the glucose isomerization in aqueous medium.
After the isomerization of glucose, it is desirable to remove cat-
alysts and by-products, which is particularly important when the
obtained fructose as food ingredient or additive. It was reported
that some soluble colored by-products could be selectively
removed by simple purification with activated carbon [15]. How-
ever, the facile separation and recycle of homogeneous catalysts
such as amines are challenging. Conversely, heterogeneous cata-
lysts such as Sn-Beta zeolite can be separated and recycled through
filtration or centrifugation [7]. In fact, different from mostly inves-
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Fig. 1. Effects of temperature (square – 120 C, dot – 110 C, triangle – 100 C, star – 80 C) and time on the isomerization of glucose to fructose catalyzed by amines (a – 7.5%
API, b – 3% TMG, c – 3% TBD). Reaction conditions: glucose (100 mg), water (1 mL), amine (mol% relative to glucose), 1–30 min, 80–120 C.
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chromium chloride, secondary or primary amines could be chemi-
cally immobilized onto surfaces of solid materials or even mag-
netic particles. Therefore, we fabricated heterogeneous catalysts
based on amines (organic bases). Specifically, three most effective
organic bases (API, TMG and TBD) investigated in this study were
chemically immobilized onto the surfaces of commercially avail-
able chloromethylated polystyrene (PS) resins, as illustrated in
Scheme 1. The immobilized organic bases (PS-API, PS-TMG and
PS-TBD) were then investigated as catalysts for the glucose isomer-
ization in water. It is worth noting that the adopted approach can
be generally applied to immobilize any primary and secondaryamines, thereby fabricating heterogeneous catalysts for the glu-
cose isomerization.
Initial evidence of the immobilization of the organic base was
seen as the polystyrene resin changed color from white to yellow.
The successful immobilization was further proved by attenuated
total reflectance-Fourier transform infrared (ATR-FTIR) spec-
troscopy. As shown in Fig. S3, the polystyrene resin (PS) showed
different characteristic peaks before and after the immobilization.
Firstly, the peak intensities of the chloromethyl (C–Cl) stretching
at 1260, 760 and 680 cm1 significantly decreased after the immo-
bilization. Secondly, the new broad bands between 3400 and
3200 cm1 were observed for the immobilized polystyrene resin.
Table 1
Isomerization of glucose to fructose by different amine catalysts.
Amine Typea pKa Loadingb‘(%) Temp (C) YFruc (%) SFrud (%)
IMD sec, ter 7.05 160 80 10 40
100 29 54
120 33 55
API pri, sec, ter 9.63 (amine)6.5 (imidazole) 7.5 80 12 41
100 18 54
120 20 43
TMG sec, ter 13.6 3 80 33 73
100 36 71
120 30 51
TBD cyc 21 (in THF) 3 80 31 65
100 32 67
120 32 50
TEA ter 10.8 3 100 28 65
TREN pri, ter 10.24 (N-4), 9.43 (N-3), 8.45 (N-2), 2.60 (N-1) 3 100 24 56
PEI pri, sec, ter 9.64 (T), 8.59 (L) 0.5 100 21 55
IMD: imidazole. API: 1-(3-aminopropyl) imidazole. TMG: tetramethylguanidine. TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene. TEA:
trimethylamine. TREN: tris(2-aminoethyl)amine. PEI: polyethylenimine.
a Type: sec = secondary, ter = tertiary, pri = primary, cyc = cyclic.
b Loading: mol% relative to glucose.
c Fructose yield (%).
d Fructose selectivity (%). Reaction conditions: amine (0.5–160 mol% relative to glucose), glucose (100 mg), water (1 mL), 30 min.
Table 2
Isomerization of glucose by the heterogeneous base catalysts.
Heterogeneous
base
Nitrogena
(mmol/g)
Loadingb
(%)
Temp
(C)
YFru
c
(%)
SFru
d
(%)
PS-API 7.0 25 80 15 64
100 22 61
120 23 53
13 120 16 62
PS-TMG 5.8 21 80 16 62
100 20 53
120 31 61
10 120 20 67
PS-TBD 7.1 26 80 25 57
100 25 59
120 27 59
13 120 22 50
a Determined by elemental analysis.
b Nitrogen mol% relative to glucose.
c Fructose yield (%).
d Fructose selectivity (%). Reaction conditions: the heterogeneous base catalyst
(13–26 nitrogen mol% relative to glucose), glucose (100 mg), H2O (1 mL), 30 min.
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the PS-API and the presence of hydrogen bonds between adsorbed
water and nitrogen sites for the PS-TMG and PS-TBD. Thirdly, the
peak intensity of the C–N stretching at 1500 cm1 was greatly
increased after the immobilization, although polystyrene resin
has the (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO) ter-
minal (Fig. S4). These results show that organic bases were suc-
cessfully immobilized onto the surfaces of chloromethylated
polystyrene resins. Nitrogen contents in the heterogeneous base
catalysts were further determined by elemental analysis method,
and were summarized in Table 2. The results show that the PS-
API and PS-TBD contain relatively more nitrogen (about 7 mmol/
g) than the PS-TMG (5.8 mmol/g) does.
The heterogeneous base catalysts were then applied to catalyze
the isomerization reaction of 10% (w/w) glucose in water. The
heterogeneous base catalyzed isomerization reaction was allowed
to proceed for 30 min. The effects of reaction temperature and
loading of catalyst on the isomerization performance were
investigated, and reported in Table 2. The results show that theheterogeneous base catalysts can effectively catalyze the isomer-
ization reaction with higher fructose yields (15–31%) and selectiv-
ity (50–67%). Additionally, the heterogeneous base catalysts were
also effective in wide range of temperature from 80 to 120 C. Con-
sidering the lower loading (10–26 nitrogen mol% relative to glu-
cose), the heterogeneous base catalysts in this study were more
effective than some inorganic heterogeneous base catalysts such
as metallosilicates and metal oxides [11–14]. However, due to lar-
ger steric hindrance and porous structure, some immobilized ami-
nes cannot be actively available for the isomerization reaction of
glucose. Additionally, the chemical immobilization essentially
changed the primary (API) and secondary (TMG and TBD) amines
to secondary and tertiary ones, respectively. This change may likely
reduce the catalytic activity of amine through making the lone pair
in nitrogen less available because of the steric hindrance caused by
the substitution. Therefore, the heterogeneous base catalyzed iso-
merization reaction was not as effective as the corresponding
organic base under the same reaction conditions, as shown in
Fig. S5.
A commercially available heterogeneous base (PS-TREN, 3.5–
5.0 mmol/g N) studied, exhibited very poor isomerization perfor-
mance within 60 min at 100 C, only converting 15% glucose and
achieving a 6% fructose yield. To confirm this observation, PS-
TREN was also synthesized in this study through the immobilizing
TREN onto the surface of chloromethylated polystyrene resin. Sim-
ilarly, the synthesized PS-TREN (4.8 mmol/g N) only converted 20%
glucose within 60 min at 100 C, and obtained a 5% fructose yield.
However, the PS-TREN should at least show better catalytic perfor-
mance than the PS-API, because the TREN was more effective than
the API (Table 1). The heterogeneous base catalyzed isomerization
reaction involves adsorption of glucose, isomerization of glucose
and desorption of fructose. Therefore it appears that the effective
adsorption of glucose was the prerequisite for the subsequent iso-
merization of glucose. The adsorption of glucose is affected by the
specific surface area and functional groups of the catalyst. In this
study, the as-prepared PS-TREN should have a similar specific sur-
face area to the PS-API, PS-TMG and PS-TBD, for they are fabricated
from the same polystyrene resins. However, they have different
types of amines. Specifically, the PS-API has secondary amines,
and the PS-TREN has primary and secondary amines, while the
Fig. 2. Reusability of the PS-TMG. Reaction conditions: the fresh or recycled
catalyst (21 nitrogen mol% relative to glucose), glucose (100 mg), H2O (1 mL),
30 min, 100 C.
Q. Yang et al. / Journal of Catalysis 330 (2015) 474–484 479PS-TMG and PS-TBD have tertiary amines (Fig. S4). The nitrogen
atom with a lone electron pair in amine can bind a proton, and
therefore can act as a base to catalyze the glucose isomerization
reaction. Similarly, amine can form inter- and intramolecular
hydrogen bonds through the lone electron pair. Hydrogen bonding
between amine and glucose is beneficial to the adsorption of glu-
cose, while intramolecular hydrogen bonding and intermolecular
hydrogen bonding with water can interfere with the adsorption
of glucose. The adsorption behaviors of glucose on the PS-API
and PS-TREN were compared in Fig. S6. It turns out that the PS-
TREN could adsorb a little bit less glucose, likely due to the
intramolecular hydrogen bonding. On the other hand, the
intramolecular hydrogen bonding and intermolecular hydrogen
bonding with water and fructose can significantly influence the
accessibility of glucose to amine and thus impede the isomeriza-
tion reaction. Therefore, the poor catalytic performance of the
PS-TREN is likely the result of the strong inter- and intra-
molecular hydrogen bonds. In contrast, the PS-API only has theFresh
Heated
Fig. 3. SEM images of the fresh, rsecondary amine, and thus has less chance to form inter-
molecular hydrogen bonding, and is less likely to form intra-
molecular hydrogen bonding due to steric hindrance. Therefore,
the PS-API showed much better catalytic performance than the
PS-TREN did.
The PS-TMG catalyst, as an example for the heterogeneous base
catalysts in this study, was evaluated in terms of reusability by
performing four consecutive isomerization cycles at 100 C for
30 min. After each cycle, the PS-TMG catalyst was carefully recov-
ered through filtration and washed with water, and 10% (w/w)
fresh glucose aqueous solution was added to start a new cycle,
and the results are presented in Fig. 2. Unexpectedly, the recycled
PS-TMG catalyst shows a gradually decreased fructose yield. Signif-
icant loss in catalytic activity was also observed for other reported
base catalysts during the glucose isomerization [12,14].
According to the proposed reaction mechanisms, organic base
catalyst participates in the isomerization reaction but not in side
reactions [7,15,21]. For example, 1H NMR investigation shows that
trimethylamine does not participate in side reactions, and there-
fore is not consumed during the isomerization reaction [15]. In this
study, 1H NMR result presented in Fig. S7 also shows that organic
base (for example, TBD) was not consumed during the isomeriza-
tion reaction. The organic bases in this study were covalently
immobilized onto the surfaces of polystyrene resins, and therefore
the immobilized organic bases should not be leached out during
the milder isomerization reaction. To verify this speculation, the
sugar fractions obtained from the isomerization of glucose cat-
alyzed by the heterogeneous bases (PS-TMG and PS-TBD) were
analyzed by using 1H NMR spectroscopy. As shown in Fig. S7, there
was no free TMG or TBD determined in the sugar fractions. So, the
1H NMR study further excludes the leaching possibility of immobi-
lized organic bases for the heterogeneous base catalysts in this
study. However, glucose and especially fructose are not thermally
stable under elevated temperature, as shown in Fig. S8. Further-
more, the bases can promote the thermal degradation of glucose
and fructose, as evidenced by the reaction solution becoming dar-
ker. It has been reported that colored by-products as the result ofRecycled
ecycled and heated PS-TMG.
480 Q. Yang et al. / Journal of Catalysis 330 (2015) 474–484thermal degradation of carbohydrates are notably observed when
organic base is the catalyst for the isomerization of glucose [15].
The yellow or even brown by-products were also observed in this
study, especially when the isomerization reaction was carried out
at higher temperature. Elemental analysis showed the recycled PS-
TMG after first run had lower content of nitrogen (4.7 mmol/g).
Moreover, highly reactive intermediate by-products can be further
transformed into carbonaceous materials, which can likely deposit
on the surface of heterogeneous catalysts such as Mg–Al hydrotal-
cites [14]. Therefore, the presence and accumulation of
by-products presumably resulted in the gradual loss in catalytic
activity of the heterogeneous base catalyst in this study. To
indirectly verify this speculation, the PS-TMG was heated without0 10 20 30 40 50 60
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Fig. 4. Effects of temperature (square – 120 C, dot – 110 C, triangle – 100 C, star – 80 C
(a – Fe3O4@SiO2-API, b – Fe3O4@SiO2-TMG, c – Fe3O4@SiO2-TBD). Reaction conditions: th
H2O (1 mL), 1–60 min, 80–120 C.glucose in water for 30 min at 100 C, and was recycled through fil-
tration while the solution was still hot. It turns out that the recy-
cled PS-TMG obtained a similar fructose yield (19%) to the fresh
one (20%). This result indirectly indicates that by-products derived
from the thermal degradation of fructose and glucose cause the
activity loss of the PS-TMG. Likely the accumulated by-products
cover the catalyst surface, especially during recycling through
filtration reducing its effectiveness. Morphologies of the fresh,
recycled after first run and heated PS-TMG were therefore investi-
gated using scanning electron microscope (SEM), with the results
presented in Fig. 3. The particles with core–shell structure, which
was respectively composed of polystyrene resin (core) and the
immobilized TMG (shell), were clearly observed for both the fresh0 10 20 30 40 50 60
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) and time on the isomerization of glucose catalyzed by the magnetic base catalysts
e magnetic base catalyst (0.18 nitrogen mol% relative to glucose), glucose (100 mg),
Table 3
Effect of temperature on rate constant and calculated apparent activation energy for
the glucose isomerization catalyzed by the magnetic base catalyst.
Catalyst Ea (kJ mol1) Temp () 104  j (s1)a
Fe3O4@SiO2-API 64 120 7
110 5
100 2
80 0.9
Fe3O4@SiO2-TMG 63 120 9
110 5
100 3
80 1
Fe3O4@SiO2-TBD 62 120 8
110 6
100 4
80 1
a Based on the assumed pseudo-first-order reaction, the rate constant at each
temperature was calculated from the slope of ln ([glucose concentration at time t]t/
[initial glucose concentration]o) versus t plot.
Fig. 5. Reusability of the magnetic base catalyst. Reaction conditions: the fresh or
spent magnetic base catalyst (0.18 nitrogen mol% relative to glucose), glucose
(200 mg), H2O (1 mL), 100 C, 60 min.
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Fig. 6. Effect of DL-glyceraldehyde or glycerol on the isomerization of glucose
catalyzed by the magnetic base catalyst. Reaction conditions: the magnetic base
catalyst (0.18 nitrogen mol% relative to glucose), glucose (200 mg), DL-glyceralde-
hyde or glycerol (25 mol% relative to glucose), H2O (1 mL), 120 C, 60 min.
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clearly observed for some recycled catalysts, because the by-
products likely cover the catalysts and make them less transparent.Therefore, it can be preliminarily concluded that the accumulation
of by-products causes activity loss through limiting available cat-
alytic sites for the heterogeneous base catalyst in this study.
Like other heterogeneous catalysts, the synthesized heteroge-
neous base catalysts in this study can be separated from reaction
media through filtration or centrifugation. However, it is difficult
to fully recover the heterogeneous base catalyst for reuse through
filtration or centrifugation, especially when the loading is very low.
Additionally, many undesirable by-products remain after filtration
or centrifugation, which can deactivate the heterogeneous catalyst.
Moreover, unlike inorganic heterogeneous catalyst such as Mg–Al
hydrotalcites and Sn-Beta zeolite, thermal treatments such as cal-
cination cannot be applied to remove by-products on these organic
catalysts. To address this issue, we consider using the well-
established use of magnetic property to make our catalyst highly
separable and recyclable. Therefore, we fabricated magnetic
catalysts based on organic bases through three steps: (1) the
synthesis of silicon dioxide coated iron oxide particle through
co-precipitation method followed by Stöber process, (2) the
functionalization of iron oxide particle with (3-chloropropyl)
trimethoxysilane, and (3) the immobilization of organic base onto
the surface of iron oxide particle (Scheme 2).
The particle size of magnetic iron oxide was dramatically chan-
ged after immobilized with organic base, as shown in Fig. S9. The
average sizes of the as-prepared magnetic iron oxide particles are
about 220 nm, while after immobilized with amines, their average
particle sizes increase to about 330 nm. The dispersed iron oxide
particles showed good stability in water, while the magnetic base
catalysts quickly precipitated from water. These results show that
the organic bases were successfully immobilized onto the surfaces
of magnetic iron oxide particles. Morphologies of the magnetic
base catalysts were observed through scanning electron micro-
scope, which showed no appreciable difference in the morpholo-
gies between the functionalized iron oxide particle and magnetic
base catalyst (Fig. S10). The successful synthesis of magnetic base
catalyst was further confirmed by ATR-FTIR spectroscopy, shown
in Fig. S11. The peak intensity of the C–Cl stretching at 795 cm1
was decreased after the immobilization of organic base, indicating
that the chloride groups were partially reacted, while the peak
intensities of the C–H stretching at broad bands between 2950
and 2850 cm1 were increased after the functionalization with
organic bases. Additionally, the characteristic stretching peaks of
the C@N and C–N were clearly observed for the magnetic base cat-
alysts at 1640 and 1370 cm1, respectively. Their nitrogen contents
were determined and summarized in Table S1. The results show
that Fe3O4@SiO2-TMG and Fe3O4@SiO2-TBD contain same amount
of nitrogen (0.04 mmol/g), while the Fe3O4@SiO2-API has the dou-
ble nitrogen (0.08 mmol/g).
The magnetic base catalysts were then applied to catalyze the
isomerization reaction of 10% or 20% (w/w) glucose in water. The
magnetic base catalyzed isomerization reaction was allowed to
proceed for 60 min. The effects of reaction conditions (tempera-
ture, time, loading of catalyst and glucose concentration) on the
isomerization performance were investigated, and reported in
Fig. 4 and Table S1. The results indicate that low levels of magnetic
base catalysts (0.05–0.36 nitrogen mol% relative to glucose) could
convert up to 60% glucose and achieve 12–25% fructose yields
within 60 min, with improved performance through increased
loadings or increased temperature. And the glucose concentration
(10% or 20%) did not significantly affect the isomerization perfor-
mance of the magnetic base catalysts.
The degree of glucose-to-fructose is theoretically governed by
the thermodynamic equilibrium between glucose and produced
fructose in reaction medium [21]. It has been reported that the
thermodynamic maximum fructose yield, based on the glucose-
to-fructose equilibrium, is 57.4% at 100 C [22]. However, organic
Fig. 7. 2D HSQC NMR spectra of sugar fractions obtained from the isomerization of glucose (top) in water and glucose-2-D (down) in D2O catalyzed by Fe3O4@SiO2-TBD at
120 C for 15 min.
482 Q. Yang et al. / Journal of Catalysis 330 (2015) 474–484bases such as trimethylamine can achieve a maximum 32% fruc-
tose yield even when 75% glucose is converted [15,20]. Similarly,
given that fructose thermally degrades more readily than glucose
(Fig. S8), the magnetic base catalyzed isomerization of glucose in
this study also cannot achieve the thermodynamic maximum fruc-
tose yields at the reaction temperatures. However, as presented in
Fig. 4, under higher temperature, the magnetic base catalyst can
convert more glucose and can thus achieve higher fructose yields.
To explain the observed temperature effect, rate constant and
apparent activation energy for the isomerization of glucose cat-
alyzed by the magnetic base catalyst were estimated. In this study,
the magnetic base-catalyzed isomerization of glucose to fructose
was simply assumed to be a pseudo-first-order reaction in order
to estimate the rate constant and required apparent activation
energy [21]. The assumed pseudo-first-order reaction was con-
firmed by the near linearity of the glucose conversion versus reac-
tion time (t) within 10 min plot at each temperature. With thisassumption, the rate constant at each temperature was calculated
from the slope of ln ([glucose concentration at time t]t/[initial glu-
cose concentration]o) versus t plot. Effect of temperature on the
rate constant is presented in Fig. S12, and estimated apparent acti-
vation energy was summarized in Table 3. The results show that
the magnetic base catalysts in this study require approximately
63 kJ mol1 apparent activation energy for the isomerization of
glucose to fructose, which is lower than that (93 kJ mol1) for the
Sn-Beta catalyzed isomerization of glucose [21].
Effect of initial pHo of reaction mixture on the isomerization
reaction catalyzed by the magnetic base catalyst was also investi-
gated and shown in Fig. S13. Similar to the homogeneous organic
bases, at higher pH (e.g. pH = 11), the magnetic base catalysts
can convert more glucose and can concomitantly achieve higher
fructose yields. Little amount of carbon dioxide (i.e. carbonic acid
in aqueous solution) can affect both selectivity and conversion dur-
ing the isomerization of glucose catalyzed by organic bases such as
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Scheme 3. Proposed reaction mechanism for the isomerization of glucose to
fructose by the magnetic base catalyst through 1,2-enediol pathway.
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fructose yield and fructose selectivity were also investigated in this
study, and are presented in Fig. S14. It turns out that the presence
of atmospheric carbon dioxide slightly decreased the fructose yield
and selectivity. Similar to the heterogeneous base catalysts in this
study, as shown in Fig. S15, due to the steric hindrance, the mag-
netic base catalysts exhibited relatively poor catalytic perfor-
mance, compared with the homogeneous organic bases.
It has been well recognized that the isomerization reaction of
glucose to fructose is reversible [4,15,20–23]. To evaluate the reac-
tion reversibility of isomerization of glucose catalyzed by the mag-
netic base catalyst, the isomerization reaction of fructose to
glucose was investigated in this study, and the results are shown
in Fig. S16. Similar to the isomerization of glucose, the magnetic
base-catalyzed isomerization of fructose also shows the
temperature-dependence performance. However, because of the
readily thermal degradation of fructose, the magnetic bases
achieved the low glucose yields even at higher temperatures. To
further understand the reversibility of the isomerization reactions
of glucose and fructose, their equilibrium constants and conver-
sions under different temperatures were calculated and summa-
rized in Table S2. It was observed that the equilibrium constants
for the isomerization of glucose or fructose are less than 1, indicat-
ing that the isomerization reactions are reversible. However, the
equilibrium constant and conversion for the isomerization of glu-
cose are generally greater than those for the isomerization of fruc-
tose at the same reaction temperature. In addition, the magnetic
base catalyzed thermal degradation of fructose is not favorable
for the isomerization of fructose to glucose. Therefore, it can be
concluded that the isomerization of glucose to fructose is more
favored than the isomerization of produced fructose to glucose,
when the magnetic base used as the isomerization catalyst.
The reusability of magnetic base catalyst was also investigated
by performing four consecutive isomerization cycles at 100 C for
60 min. After each cycle, the magnetic base catalyst was readily
recovered using an external magnet, washed with water, to which
a 20% (w/w) fresh glucose aqueous solution was added to start the
new cycle. As shown in Fig. 5, the magnetic base catalysts main-
tained their initial catalytic activity without significant loss in
the achievable fructose yields after four cycles. We hypothesize
that the magnetic base catalyst showed better reusability than
the heterogeneous base catalyst in this study, since the magnetic
base catalyst was less contaminated with by-products, due to the
change in the recovery procedure afforded through the magnetic
property.
Few studies have demonstrated that the base-catalyzed isomer-
ization of glucose to fructose in aqueous medium follows the clas-
sic Lobry de Bruyn–Alberda van Ekenstein mechanism with a
tautomeric enediol as reaction intermediate [4,15,20]. The whole
isomerization process involves ring-opening, hydrogen transfer
and ring-closure reactions. Therefore, glucose must undergo a
ring-opening to start the isomerization reaction, because only
about 0.002% glucose exists in the open-chain form in aqueous
solution [23]. Glycerol and glyceraldehyde were used as model
compounds to investigate the effect of the ring-opening of glucose,
because D-glucose can be considered as one glycerol molecule
attached to one glyceraldehyde molecule [23]. Glycerol and glycer-
aldehyde were therefore employed as additives in this study, and
their effects on the glucose conversion and fructose yield were
investigated to identify whether the ring-opening was necessary
for the isomerization. As shown in Fig. 6, the addition of glycerol
only slightly decreased the fructose yield and glucose conversion,
indicating that glycerol negligibly influenced the glucose isomer-
ization reaction. However, the addition of glyceraldehyde signifi-
cantly suppressed the isomerization reaction and greatly
decreased the glucose conversion and fructose yield. Glucose inthe open-chain form can be catalytically decomposed into tetrose
and glycolaldehyde through retro-aldol reaction [24]. When we
added the glyceraldehyde to aldehyde groups, we speculate that
it suppressed the retro-aldol decomposition reaction of glucose
through changing its kinetics, and therefore decreased the glucose
to fructose conversion and the formation of fructose. The signifi-
cant difference in effects on isomerization of glucose between glyc-
erol and glyceraldehyde indicates the presence of the aldehyde
functional group in glucose [15,20,23]. Glucose in its natural state
has very limited aldehyde groups, but can have more after ring-
opening [23]. Therefore following our hypothesis that the aldehyde
must be present, glucose must undergo the ring-opening reaction
before interacting with the magnetic base catalyst.
2D HSQC (heteronuclear single-quantum correlation) NMR
spectroscopy was used to mechanistically investigate the isomer-
ization reaction of glucose to fructose catalyzed by the magnetic
base catalyst. To this end, 10 wt% glucose or glucose-2-D was iso-
merized in water or deuterium water by using the magnetic base
(Fe3O4@SiO2-TBD) as catalyst. The obtained sugar fractions were
analyzed by using 2D HSQC NMR spectroscopy, and the results
are presented in Fig. 7. Due to the presence of deuterium at the
C-2 positions of a-glucopyranose and b-glucopyranose, the
glucose-2-D shows a different spectrum from unlabeled glucose,
as shown in Figs. S17 and S18. Specifically, three peaks around
d = 3.15 ppm of glucose disappeared, and instead of double peaks,
single peaks at C-1 positions of a-glucopyranose and
b-glucopyranose were observed in the spectrum of glucose-2-D.
The HSQC NMR spectra of sugar fractions respectively obtained
from the isomerization of glucose in water and glucose-2-D in
water and deuterium water catalyzed by the magnetic base cata-
lyst were shown in Figs. 7 and S18. All characteristic peaks of glu-
cose and fructose were clearly observed in the sugar fraction from
the isomerization of unlabeled glucose in water. In contrast, the
three peaks around d = 3.15 ppm of glucose disappeared in the
spectra of the sugar fractions from the isomerization of glucose-
2-D in water and deuterium water. However, as shown in Figs. 7
and S18, the peaks for the produced fructose in sugar fractions iso-
merized from unlabeled glucose and glucose-2-D show no differ-
ences, indicating that the produced fructose does not contain
deuterium atoms [4]. So, the fructose isomerized from glucose-2-
D must gain one proton from water. As shown in Fig. 7, the multi-
ple peaks around d = 3.5 ppm of produced fructose were not
484 Q. Yang et al. / Journal of Catalysis 330 (2015) 474–484observed in the sugar fraction obtained from the isomerization of
glucose-2-D in deuterium water due to the presence of deuterium
at C-1 position transferred from deuterium water [4]. These results
support the mechanism of isomerization of glucose catalyzed by
the magnetic base catalyst in this study proceeds through the
1,2-enediol intermediate mechanism involving removal of a proton
at C-2 position followed by regaining a proton from solution, as
illustrated in Scheme 3 [4,15,20].
4. Conclusions
This study demonstrated facile and general strategies to fabri-
cate heterogeneous and magnetic catalysts based on organic bases
for the isomerization of glucose to fructose in aqueous media. The
synthesized heterogeneous or magnetic base catalysts can
effectively catalyze the isomerization reaction with higher
glucose-to-fructose yields and selectivity in water under a wide
range of temperature. The heterogeneous base catalysts can be
readily recycled; especially, the magnetic base catalysts show
excellent stability and reusability.
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